Micro-capillary film (MCF) membranes are effective platforms for bioseparations and viable 39 alternatives to established packed bed and membrane substrates at the analytical and 40 preparative chromatography scales. Single hollow fibre (HF) MCF membranes with varied 41 microstructures were produced in order to evaluate the effect of the bore fluid composition 42 used during hollow fibre extrusion on their structure and performance as cation-exchange 43 adsorbers. Hollow fibres were fabricated from ethylene-vinyl alcohol (EVOH) copolymer 44 through solution extrusion followed by nonsolvent induced phase separation (NIPS) using 45 bore fluids of differing composition (100 wt.% N-methyl-2-pyrrolidone (NMP), 100 wt.% 46 glycerol, 100 wt.% water). All HFs displayed highly microporous and mesoporous 47 62
revealed skins of pore size <1 μm at the inner surface of HFs produced with water and 50 glycerol, while NMP bore fluid resulted in a skinless inner HF surface. The HFs were 51 modified for chromatography by functionalising the polymer surface hydroxyl groups with 52 sulphonic acid (SP) groups to produce cation-exchange adsorbers. The maximum binding 53 capacities of the HFs were determined by frontal analysis using lysozyme solutions (0.05 mg 54 ml -1 to 100 mg ml -1 ) for a flow rate of 1.0 ml min -1 . The NMP-HF-SP module displayed the 55 largest maximum lysozyme binding capacity of all the fibres produced (40.3 mg lysozyme/ml 56 adsorbent volume), a nearly 2-fold increase over the glycerol and 13-fold increase over the 57 water variants at the same sample flow rate. The importance of NMP as a bore fluid to 58 hollow fibre membrane performance as a result of inner surface porosity was established 59 with a view to applying this parameter for the optimisation of multi-capillary MCF 60 performance in future studies. 61
Introduction 75 76
Ion-exchange chromatography is widely used in the downstream processing of 77 biopharmaceuticals as it provides high-resolution separation of biomolecules from mixtures 78 based on net charge. The two most commonly used approaches in ion-exchange 79 chromatography, packed bed columns and membrane adsorbers, have high binding 80
capacities and good separation characteristics [1] . However, packed bed columns usually 81 operate under low column flow rates due to bed compression, high pressure drops and low 82 mass transfer rates as diffusion is the primary mode of analyte transport to binding sites 83 within the bed pores [2] . In order to overcome this limitation, membrane adsorbers have 84 been developed in which analyte transport to binding sites depends primarily on convection, 85 thus allowing separations to run at higher flow rates without compromising performance. 86 MMCF is comparable to commercially available packed bed and membrane adsorbers, while 112 providing a sharp breakthrough and higher throughput and pressure tolerance than that of 113 currently available preparative scale purification substrates [5] . The potential of MMCF in 114 terms of binding capacity can be further enhanced by altering key parameters in the 115 membrane manufacturing process. Parameters such as dope composition, bore fluid 116 composition, polymer and bore fluid flow rate, air gap distance to coagulant, take-up rate, 117 and extrusion temperature have been shown to affect membrane characteristics [8, 9, 10] . In 118 particular, the composition of the bore fluid has been shown to affect membrane morphology 119
[11] and adsorption performance [12] . capacities across the modules were measured at flow rates of 1 , 2, 3, 4 and 5 ml min -1 , 208 corresponding to superficial flow velocities through the fibre lumens ranging from 6,000 cm 209 h -1 to 175,000 cm h -1 (0.017 m s -1 to 0.486 m s -1 ). The mass of protein eluted was then 210 calculated by: 211
To study the equilibrium binding capacity of the HFs, the above protocol was repeated at a 212 flow rate of 1 ml min -1 using lysozyme solutions with concentrations between 0.05 and 100 213 mg ml -1 . The equilibrium binding capacity was calculated using the Langmuir isotherm model inner membrane surface, skins of pores <1 μm formed when glycerol and water were used 240 ( Fig. 2(A) & (B) ), whereas no skin was formed when NMP solvent was used, with pores 241 reaching 50 μm in diameter (Fig. 2(C) ). The membrane pore surfaces areas available for 242 functionalisation with SP groups were similar for all three HFs (water, 6.07 m 2 g -1 ; glycerol, 243 6.62 m 2 g -1 ; NMP, 6.84 m 2 g -1 ). 244
245
The NMP-HFs and glycerol-HFs displayed fully formed central circular capillaries. The highly 246 irregular inner membrane surface for water-HF seen in Fig. 2(A) may be attributable to a 247 buckling of the innermost region due to firstly, a rapid precipitation of this region caused by 248 exposure to water bore fluid prior to the HF entering the coagulation bath, and then further 249 volume shrinkage of the polymer-rich phase caused by precipitation of the remaining 250 membrane once the HF passed into the coagulation bath [11, 17] . 251
252
To test the effect of HF microstructure on membrane binding capacity performance as 253 cation-exchange adsorbers, lysozyme frontal analysis and Langmuir isotherm binding 254 capacity studies were conducted on the three HF-SP variants. Blank runs with HF modules 255 without surface modifications showed no protein adsorption. No membrane blocking or 256 fouling was observed. The pressure drop across the modules increased linearly with flow 257 rate ( Fig. 3(A) ). All pressure drops were below 0.35 MPa in the flow rate range (1-5 ml min -1 ) 258 typically used for commercial chromatography membranes (Pall Mustang® Q and S 259 membranes). However, in terms of HF membrane operation, these correspond to much 260 higher lumen superficial flow velocities (6,000 cm h -1 to 175,000 cm h -1 ). Low pressure drops 261 at high superficial flow velocities indicate that HF MMCFs can be used for high throughput 262
studies. As expected, equilibrium lysozyme binding capacities were independent of the flow 263 rates tested (Fig. 3(B) ). 264
265
A characteristic normalised breakthrough curve for lysozyme frontal analysis can be seen in 266 displayed the best performance as it bound the greatest mass of lysozyme (19.6 ± 2.64 mg 269 ml -1 adsorbent) at equilibrium among the modules tested when loaded with a 5 mg ml -1 270 lysozyme solution, as shown by its large elute peak in Fig. 4(B) . When loaded to near 271 saturation and on subsequent elution, 88% of the protein bound was recovered in the eluent. bound less, 21.2 mg ml -1 adsorbent and 3.9 mg ml -1 adsorbent respectively. The Langmuir 280 isotherms fit the data well (R 2 values > 0.90), indicating that the lysozyme binds to all HF 281 membranes as a monolayer. All three HF modules had a lower lysozyme maximum binding 282 capacity than the 19-capillary MMCFs produced with glycerol bore fluid (64.7 mg ml -1 283 adsorbent) [5] and might be attributed to the geometry of the MMCF module whose 19 284 parallel capillaries may provide better analyte access to the functionalised membrane 285 surface. In addition, the NIPS process during MMCF manufacture would be expected to 286 produce different microstructures depending on the membrane geometry used. The size and 287 shape of the membranes greatly affect phase separation kinetics within the membrane. 288
Compared to commercial membrane substrates whose binding capacities typically exceed 289 50 mg ml -1 adsorbent (Pall Mustang® S), the HF membranes also have lower binding 290 capacities. However, commercial membrane substrates are typically operated in a trans-291 membrane flow configuration, which may increase binding capacity. 292
293
In membrane adsorbers, the accessibility of the functionalised pore surface to analytes is 294 key for good binding performance [18] . Since only axial convective flow is present in the HF 295 module configuration tested, a more open pore structure at the inner membrane surface 296 near the lumen is expected to provide better analyte access into the remaining porous mass. bore fluid provided more accessible functional sites to lysozyme as an analyte. These 319 findings can be further applied to optimise the inner surface microstructure in multi-capillary 320
MMCFs by increasing bore fluid NMP concentration in order to obtain higher binding 321 capacities and enhanced performance as chromatography substrates. 322 volumes to remove mass adsorbed to the membrane surface. All flow rates used were 1 ml 401 min -1 . Protein absorbance at 280 nm and NaCl conductivity were measured. C/C0 represents 402 the UV absorbance of the running lysozyme concentration, C, normalised by the feed 403 concentration, C0. 404 405 Fig. 5 . Ligand density model of HF modules. Lysozyme mass bound was measured at 406 different lysozyme loading concentrations, C, and binding data was fitted to a standard 407
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Langmuir isotherm model. The dotted lines represent Langmuir isotherm equation fits and 408
give the following maximum equilibrium binding capacities (qmax): 40.3 mg ml -1 adsorbent 409 volume (NMP-HF-SP), 21.2 mg ml -1 adsorbent volume (glycerol-HF-SP) and 3.9 mg ml -1 410 adsorbent volume (water-HF-SP). Error bars represent the standard deviation of three 411
replicates. 
